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Hybrid Operation of Wind-Diesel-Fuel Cell Remote
Area Power Supply System
Nishad Mendis, Student Member, IEEE, Kashem M. Muttaqi, Senior Member, IEEE, Saad Sayeef
Member, IEEE, and Sarath Perera, Member, IEEE

Abstract—Due to the uncertainties associated with wind proﬁles, the load side voltage and frequency control of a wind dominated Remote Area Power Supply (RAPS) system is a challenging
task. The performance of such a wind dominated hybrid RAPS
system consisting of a diesel generator, fuel cell system, dump load
and mains load is investigated in this paper. Integrating a fuel cell
into the RAPS system enables the diesel usage to be kept at its
minium level while avoiding operation of the diesel generator
at low load factor. The diesel generator is used to provide
the reactive power requirement of the system throughout the
operation and to provide active power whenever necessary. The
excess power that arises during over generation scenarios such as
high wind and low load conditions are handled through the dump
load. To achieve acceptable voltage and frequency regulation,
individual controllers have been designed and developed for
each system component. In addition, a strategy for control
coordination has been established among all the system modules.
The entire system was modelled using SimpowerSystem toolbox
in MATLAB and the suitability of the system is investigated in
relation to its voltage and frequency regulation capability under
changing wind and variable load conditions.
Index Terms—Remote Area Power Systems, Doubly Fed Induction Generator, Diesel Generator, Fuel Cell and Dump load

I. I NTRODUCTION

R

EMOTE Area Power Supply (RAPS) schemes are becoming popular among rural and regional communities.
With the penetration of renewable energy technologies into
the electricity market, standalone power systems which are
entirely based on diesel generation systems are becoming less
attractive [1]. Instead, hybrid power systems consisting of one
or more renewable energy sources integrated with conventional
generation methods, such as diesel power, are identiﬁed as a
promising solution to supply power to the rural communities
[2]. The autonomy permitted by such schemes is still limited
due to the dependency on fossil fuels. In this regard, the usage
of the diesel generation can be minimised by increasing the
renewable energy proportions in a hybrid RAPS system.
Depending on the availability of energy resources, a suitable
generation mix can be used to form a hybrid RAPS system.
Among all the renewable energy options, wind energy technology is identiﬁed as the fastest growing renewable energy
technology [3]. However, the random variation of wind proﬁles
leads to power ﬂuctuations which causes unexpected voltage
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and frequency excursions especially in a situation where power
is generated in standalone mode of operation. Rapid and
ﬂexible control of other means of generation is necessary to
balance the wind power generation with load demand. In this
regard, diesel power can be considered as one of the best
options due to its reliability of supplying power and simplicity
of operation [4]. Also, it can provide both the inertial and
reactive power support to the system thus ensuring better
frequency and voltage regulation. However, the operation of
a diesel generator at all times is not desirable due to the
operational constraints and cost, environmental concerns, etc.
[5]. It generates power during low wind penetration time
periods (ie. Wind-Diesel (WD) mode of operation) provided
that the generation-demand mismatch is above the minimum
permissible loading condition of the diesel generator. During
high wind penetration periods (ie. Wind Only (WO) mode of
operation), an Energy Storage System (ESS) is an attractive
solution to maintain system power balance [6]. Alternatively,
a fuel cell system can be integrated into the RAPS system
which offers many advantages when compared to alternative
sources [7], [8]. These include but not limited to low or no
emissions, high energy conversion efﬁciencies compared to
internal combustion engines, and low noise and vibrations.
However, the economic feasibility is still a major subject of
interest. A dump load is a common component in a RAPS
system which absorbs excess energy available in the system.
In a practical RAPS system, a dump load can be a water
heater system or an electrolyser which can be used to produce
hydrogen for the fuel cell cell system.
The relevant research work similar to the work presented
in this paper include the operation of a grid connected DFIG
based wind turbine with a fuel cell [8]. The parallel operation
of an induction generator based wind turbine, diesel generator
and fuel cell is discussed in [9]. The power quality issues
associated with grid connected wind turbine-fuel cell system
is discussed in [10]. The small signal model of wind-dieselfuel cell hybrid power system is presented in [1]. Based on
extensive literature review, it has been noted that there is
no detailed model covering hybrid RAPS systems containing
DFIG as the main source of energy together with diesel
generator, fuel cell system and dump load.
The hybrid RAPS system considered in this paper consists
of a DFIG (main generator), diesel generator system, dump
load and its controller, fuel cell system and mains load as
shown in Fig. 1. The power ﬂow of the system is coordinated
by employing the various system modules with a view to
minimise the active and reactive power imbalance associated
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with the system. In this regard, the DFIG, diesel generator,
fuel cell and dump load, together with their controls are
closely investigated. The simulation model consists of high
order nonlinear models of the system modules which exhibit
relatively more accurate system dynamics.
The paper is organised as follows. The control coordination
strategies adopted to manage the power ﬂow among the different system components are discussed in Section II. Section
III discusses the control methodologies adopted for the wind
turbine generator, diesel generator system, fuel cell and dump
load. The simulated results demonstrating the behaviour of
the proposed RAPS system under variable load and wind
conditions are discussed in Section IV. Conclusions are given
in Section V.
Wind Turbine
LSC

RSC

Gear
Box

Distribution
Line

PCC

to minimise the active power imbalance of the system. The
details of the proposed control coordination strategy depicted
in Fig. 2 is as follows. If the power output of the DFIG, Pw ,
is greater than the load power demand, PL , the dump load
absorbs the additional power (ie. Pw −PL ). If this excess power
is greater than the maximum capacity of the dump load (ie.
(Pd )max ), then the wind turbine pitch regulation is activated
to control the excess wind power. Furthermore, it is assumed
that wind power, Pw , diesel power, Pde , and fuel cell power,
Pf c , are sufﬁcient to satisfy the load demand at all times.
If the power output of the DFIG (ie. Pw ) is smaller than
the load demand (ie. PL ), two options are available and
the decision making depends on the magnitude of ΔPwL . If
ΔPwL is less than 30% of the synchronous generator capacity,
the fuel cell system has to provide all the required power, Pf c ,
along with the DFIG. Otherwise, the synchronous generator
should be able to provide the required power.
Load Demand
PL
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Boost
Converter

Wind Power
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Diesel Engine
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Fig. 1.

Proposed hybrid RAPS system with fuel cell and diesel generation
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Pw+Pde-PL>0
Yes

II. C ONTROL C OORDINATION OF RAPS S YSTEM
D ETAILED M ODEL A NALYSIS

FOR

Yes

Pd >(Pd)max

In a standalone RAPS system, the voltage and frequency are
the major aspects to be controlled. In this regard, the active
and reactive power imbalance of the system should be kept
at a minimum level. In the proposed RAPS system, the DFIG
and diesel generators are identiﬁed as the main reactive power
sources. However, the reactive power support from DFIG is not
sufﬁcient all the time and hence it is designed to compensate
its mangnetising reactive power component or no-load component (ie. unity power factor operation). More information
regarding the modelling of the DFIG reactive power control
is discussed in Section II. The reactive power demand of the
system is entirely supplied by the diesel generator. The active
power ﬂow of the system is formulated through a control
coordination strategy among four components; DFIG, diesel
generator, fuel cell system and dump load, to satisfy the active
power balance of the system which is given by (1).
Pw + Pde + Pf c

=

PL + Pd

(1)

where,
Pw - wind power, Pde - diesel power, Pf c - fuel cell power,
Pd - dump power and PL - load demand.
A simpliﬁed schematic of the control coordination logic
associated with the proposed RAPS system is shown in Fig. 2.
It illustrates the decision making process associated with active
power sharing among the different system modules employed

No

Fuel Cell
System "ON"

Pitch Angle
Regulation

Frequency Regulation

Fig. 2.

Instantaneous power ﬂow control of the proposed RAPS system

III. C ONTROL S TRATEGIES A DOPTED FOR I NDIVIDUAL
S YSTEM C OMPONENT
In addition to the control coordination methodology, development of individual control strategies for each system
component is vital to regulate the AC voltage and frequency
within acceptable limits. In this paper, the highest capacity
of the system is represented by DFIG followed by the diesel
generator and fuel cell system respectively. The DFIG and
diesel generator control have been developed to regulate the
voltage and frequency. The fuel cell system and dump load
controls are developed considering the power ﬂow of the
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system. More information regarding the modelling of the
individual controllers is given in following sub sections.

After the cracking process of diesel engine, the speed
deviation of diesel engine and synchronous machine
should be less than ±1 × 10−4 pu.
When the above criterions are fulﬁlled, the clutch moves
to ”ON” state thus transferring torque to the SM. The total
torque transferred to the SM can be expressed using (4). Also
an additional PI controller is integrated into the diesel engine
model to provide better power sharing among the diesel and
wind generators. The generation of the clutch signal and the
diesel engine model are shown in Figs. 4 and 5 respectively.
IEEE type 1 voltage regulator and exciter system is used
for the diesel generator. Further details of the exciter model
can be found in [12].
The estimation of the size of a diesel generator for a
renewable energy based power system is still a major issue
[13], [14] and is beyond the scope of this paper. Therefore it is
assumed that the synchronous generator is sufﬁcient to provide
30% of the rated power requirement of the rated capacity of
the entire system.
•

A. DFIG and Its Associated Control
The RSC is used to control the load side voltage and
frequency while Line Side Converter (LSC) is used to control
the DC link voltage of the back-to-back converter system.
The methodologies suggested in [3] were used to model the
controllers for RSC and LSC.
The frequency regulation of the system through the DFIG
is achieved by ensuring the indirect stator ﬂux oriented mode
of operation of the RSC. This condition can be ensured by
implementing the condition given by (2). To provide better
voltage support, the DFIG is modiﬁed to compensate its no
load reactive power. This can be achieved by ensuring the
condition given in (3). The entire control structure of the
RSC is shown in Fig. 3. The LSC control is conventional
as discussed in [11].
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In this paper, the Synchronous Machine (SM) is designed
to operate either as a generator or condenser depending on
the wind and loading condition of the system. The two
operating modes of the synchronous machine are controlled
using a clutch model as discussed in [12]. The clutch model
is responsible in transferring the torque generated by the
diesel engine. The state transition of the SM (ie. synchronous
condenser to generator mode of operation) needs to fulﬁl the
following requirements;
• The power deﬁcit of wind and demand, Pw − PL should
be greater than 30% × (Pde rated capacity).

R

Clutch

t=T0

Zslip(LrV ird + Lm imsy Ls)

B. Diesel Engine and Synchronous Generator Controls

Q

-

P_w

Fig. 4.

S
U

-
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dq
abc

P_L

-

(4)

where,
Tc - equivalent torque transmitted to SM when clutch signal=1,
Hs and Hd - inertia constants of SM and diesel engine
respectively, Ts , Td - torques of SM and DE ωd - diesel engine
speed.

where,
Vs - system voltage, idr - rotor d-axis component, iqr , iqs rotor and stator q-axis current respectively, Ls , Lm - stator
inductance and magnetising inductance respectively.
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Hs Td + Hd Ts
H s + Hd

=
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OR gate

0

Selector switch 2

Diesel engine
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+
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1/2Td

Tc
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Time delay
0

Fig. 5.

Td

Selector switch 3

The proposed model of the diesel engine

C. Fuel Cell System
In this paper, a Silicon Oxide Fuel cell (SOFC) is integrated
into the DC link of the DFIG system as it is recommended
for high power applications. The modelling aspects of a fuel
cell proposed in [15] is used as a reference in this paper. The
simulated model of the SOFC system is shown in Fig. 6. The
fuel cell model mainly consists of two components.

³

Zd
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•

I :Fuel processor- Converts the fuel into hydrogen and
byproduct gases.

II :Power section (fuel cell)- This section generates the
current and cells are connected in series to generate high
power.
Molar ﬂow rates of hydrogen and oxygen are used to
calculate the partial pressures, PH2 O , PH2 and PO2 . These
partial pressures are used to calculate the reversible voltage
or Nernst’s voltage of the fuel cell. Also, the three losses
associated with the fuel cell are incorporated in the model
as shown in Fig. 6. For the sake of simplicity, a single boost
converter is used to interface the fuel cell system into the DC
link which is shown in Fig. 7.
The generation of switching signal for the boost converter
is shown in Fig . 8. It measures the demand generation
mismatch, PL -Pw , and generates the reference current of the
fuel cell, (if c )ref only if the demand generation mismatch
is smaller than the 30% of the diesel generator rating. This
reference current is then compared with its actual current, if c ,
to generate the switching signal for the boost converter.
The estimation of the size of a fuel cell system is extremely
site speciﬁc. In this paper, the sizing of the fuel cell is assumed
to provide 15% of the rated system demand(ie. 0.15 pu).
•

D

L

vfc

C

Q

Fig. 7.
'P

Boost converter for the fuel cell
(Ifc)ref

y

+

-

Limiter

vfc

vdc

+

Fuel Cell

PI

+

-

t0

To boost converter

Ifc
Triangular carrier wave form

Fig. 8.

Switching signal for boost converter of the fuel cell

D. Dump Load Control
The dump load of the system is coordinated with the
fuel cell system and diesel generator to maintain the power
balance of the system. For simulation purposes, this could
be represented by a series of resistors which are connected
across switches. The resistors operate at zero crossings of
the system voltage to ensure minimum impact on the system
voltage quality. The operation of the dump load is limited to
when there is additional power available in the system.
IV. S IMULATION R ESULTS
The entire RAPS system was simulated under variable wind
and load conditions. In this regard, active power sharing
among various system components was observed. The AC
voltage, frequency at Point of Common Coupling (PCC)

and DC link stability of the DFIG are also examined. The
performance of the fuel cell is also observed in relation to its
DC voltage and current and the partial pressures of oxygen
and hydrogen.
Fig. 9 shows the system response and Fig. 10 illustrates
the power sharing among different system components. The
wind condition under which the system has been simulated is
shown in Fig. 9-(a). It can be seen that the wind velocity is
set initially at 12 m/s. After t = 4 s, the wind velocity drops
to 9 m/s and then it is increased to 11 m/s at t = 8 s. The load
demand is initially set at 0.6 pu. At time t = 3 s, the load is
increased to a value of 0.75 pu and the same load (ie. 0.15 pu)
is disconnected from the system at t = 9 s as shown in Fig. 10(e). The AC voltage at PCC is shown in Fig. 9-(b). It can be
seen that the AC load voltage is not affected by the wind speed
or resistive load step changes. A sudden voltage excursion can
be seen at t = 9.25 s which corresponds to the clutch out of the
diesel engine (ie. synchronous generator to condenser mode)
as evident from Fig. 10-(b). At t = 9.25 s the SG goes into the
motoring mode before changing to the SC mode of operation
thus causing voltage excursions in the system as evident from
Fig. 10-(b) and Fig. 9-(b). The load side voltage stays within
±1% of its rated value during normal operation. Fig. 9-(c)
shows the frequency of the system voltage. As expected, it
is closely regulated about the rated value of 1.0 pu and is
not seen to be inﬂuenced by the wind speed change, load
step change and mode transition of the SM (ie. SC to SG
and vice versa). The frequency is maintained within ± 1 Hz
during normal operation. The frequency is mainly regulated by
the DFIG control applied to its RSC. The proposed frequency
control methodology of the DFIG is independent from the
shaft speed and resistive load condition of the system. Hence,
as anticipated, the frequency is not seen to be affected by the
above mentioned transient conditions. The DC link voltage of
the DFIG is depicted in Fig. 9-(d). The simulated behaviour of
the DC link voltage shows that it is well regulated at its rated
value throughout the operation except during load and wind
step changes, and state transitions of the synchronous machine
(ie. synchronous condenser to synchronous generator and vice
versa). However, the highest DC link voltage variations are
seen to occur at t = 7 s and t = 9.25 s which corresponds
to the mode transition of the synchronous machine as evident
from Fig. 10-(b). Even during the transient conditions, the DC
link voltage variation is limited to within ± 5% of its rated
value.
The wind power variation of the system is shown in Fig.
10-(a). For simulation purposes, initially the slip of the wind
turbine is set to s = - 0.1 which corresponds to super synchronous mode of operation. According to the wind turbine
characteristics, the corresponding maximum power output of
the wind generator is 0.73 pu at a shaft speed of 1.2 pu for
a wind speed of 11 m/s. From Fig. 10-(a), the power output
of the DFIG is seen to rise to a value of 0.73 pu at t = 4 s.
At this time the load demand is set to 0.6 pu. The additional
power is dissipated in the dump load as shown in Fig. 10(d). At time t = 3 s, the load of the system is increased to
0.775 pu and the power deﬁcit is then supplied by the fuel
cell system as evident from Fig. 10-(c). At t = 4 s, the wind
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V. C ONCLUSIONS
This paper has investigated the hybrid operation of a novel
wind-diesel-fuel cell remote area power system . The system
performance has been investigated in relation to the bandwidth of the voltage regulation capability under variable load
and wind conditions. The system voltage and frequency are
regulated within acceptable limits during both steady-state
and dynamic conditions including load and wind speed step
changes. The mode transition of the synchronous machine
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speed is reduced to 9 m/s causing reduction in wind power
output. When the difference between the load demand and
wind power, PL − Pw , is greater than 0.3 pu of synchronous
machine rating, the condition under which the diesel generator
should operate is fulﬁlled. However, the synchronous machine
still acts as a synchronous condenser and needs extra time to
reach its rated speed (ie. 1 pu) to transfer the required torque
to perform as a SG. At nearly t = 7 s, the SM changes its mode
of operation from SC to SG as evident from Fig. 10-(b). The
diesel generator keeps generating power until the load step
down which occurs at t = 9 s. After t = 9 s, the synchronous
machine changes its mode of operation from SG to SC and
the required power is then supplied entirely by the DFIG and
fuel cell system.
The performance of the fuel cell throughout the operation
is shown in Fig. 11. It can be seen that the fuel cell voltage
reduces considerably when it injects power into the system
as evident from Fig. 11-(a). The current injected by the fuel
cell is shown in Fig. 11-(b). Due to operational limitations,
the maximum current provided by the fuel cell is limited to
200 A. The pressure variations of the hydrogen and oxygen
are shown in Figs. 11-(c) and (d) respectively.
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Fig. 6.
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Fig. 9.
Response of the RAPS system under variable wind and load
conditions. (a) wind speed, (b) voltage at PCC, (c) frequency at PCC, and
(d) DC link voltage

which is implemented using a clutch system provides better
active and reactive power support for the system. The control
logic associated with the clutch system ensures smooth transition from wind-only to wind-diesel mode of operation and
vice versa. The fuel cell operation is activated in the absence of
the diesel generator and is able to provide the required deﬁcit
power to the system. From the simulated behaviour, it can be
seen that the fuel cell performs well throughout the operating
period. However, the voltage variation of the fuel cell should
be kept within safer limits. Incorporating a super capacitor to
the system would be an attractive solution to regulate the fuel
cell voltage.
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A PPENDIX A
PARAMETERS OF RAPS SYSTEM - BASE P OWER 1000 K W
Rating of wind turbine generator

750 kW
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